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Abstract: The urban heat island (UHI) effect can contribute to extreme heat exposure. This can be
detrimental to human health. In this paper, we propose a method to estimate air temperature to
evaluate the spatial distribution and to monitor the intensity of the air urban heat island (AUHI)
from existing GPS infrastructure. The proposed algorithm is based on the relationship between the
refractivity of the troposphere and environmental variables, as well as the relationships between the
zenith tropospheric delay (ZTD), a by-product of the precise point positioning technique, and the
refractivity of the troposphere. The advantage of GPS data is its high temporal resolution and the
availability of embedded GPS receivers. In this paper, GPS-derived ZTD data from stations in the
Hong Kong Special Administrative Region (HKSAR) of China and Tokyo in Japan are processed
to estimate the hourly AUHI intensity. The results derived from this technique are validated using
meteorological data in the same cities. Mean absolute error values of 0.79 °C in Hong Kong and
0.22 °C in Tokyo are found from data from the summer. Moreover, an overall accuracy of 0.51 °C
is found.

Keywords: urban heat island; GPS meteorology remote sensing; precise point positioning; tropospheric
delay; zenith tropospheric delay; UHI diurnal cycle; Hong Kong; Tokyo

1. Introduction

The urban heat island (UHI) is a direct consequence of urbanization and industri-
alization, and is detected when an urban area is warmer than its rural surroundings [1].
According to the United Nations, urbanization has increased around the world, and another
2.5 billion people are expected to move to urban areas by 2050 [2]. With this growth in
urbanization, an intensification of the UHI effect is expected in several cities around the
world [3], along with greater exposure to extreme heat, especially for vulnerable popula-
tions [4].

Exposure to extreme heat can have adverse effects on human health; for instance, the
“heat stroke” is a consequence of extreme heat exposure. Exposure to extreme heat and high
humidity can produce adverse health consequences such as cardiopulmonary problems
in high-risk groups and can cause sleep disruption, which is associated with impaired
cognitive performance [5]. In order to mitigate UHI and the effects it has on human health
and energy consumption, it is necessary to possess tools to monitor the UHI effect.

The surface UHI (SUHI) is monitored via land surface temperature values obtained
from satellites such as LANDSAT 8 [6]. The UHI based on air temperatures (AUHI) is
monitored using a network of ground-based temperature sensors from weather stations in
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urban and rural areas [7]. The main disadvantage of temperature sensors is the high costs
associated with deploying and maintaining the large network of weather sensors needed to
cover a metropolitan area. An alternative to ground-based temperature sensors, is the use of
global navigation satellite system (GNSS) signals, specifically from the Global Positioning
System (GPS), to remotely sense the atmosphere [8] based on the delay caused by the
troposphere (proportional to the troposphere’s physical properties) as the GPS signals
propagate through the troposphere from the satellite to the receiver near the ground.

For example, GPS data have been used to measure precipitable water with an RMS
error of 4.6 mm compared with MODIS [9], or with no statistical difference compared with
MODIS in a tropical region [10]. The advantage of using GPS signals for remote sensing
is that GPS data have high temporal resolution and can be obtained in real-time [11]. Fur-
thermore, GPS data are available under any weather conditions. Moreover, GPS receivers
are widely available in handheld devices such as smartphones, which can be used to
collect GPS data and perform the precise point positioning (PPP) [12]. Therefore, dense
sensor networks can be built with existing GPS infrastructure at no added cost. The use of
embedded GPS receivers can contribute to producing high-quality digital data in the big
data era.

In this paper, we propose an adaptation to the method to estimate temperature using
the PPP-derived ZTD from ground-based GNSS observations [13] to make it useful for
hourly GPS data. Estimated hourly temperatures are then used to assess the diurnal cycle
of the air urban heat island (AUHI) in Hong Kong (HK) and Tokyo. The approach is tested
with GPS data from 2016 to 2019 from 10 GNSS stations located in Hong Kong and 3 GPS
stations in Tokyo. Furthermore, temperature data from weather stations in both cities are
used for validation. There were 6055 billion smartphone users in the world as of 2020 [14],
and each smartphone has an embedded GPS receiver. Therefore, this GPS-data-based
method has great practical potential to be implemented in smartphones and make spatial
AUHI data available for big data applications.

Previous studies on the UHI effect in Hong Kong (HK) have used mobile weather
stations in a few points across HK [15-17]. Additionally, satellite data have been used
to estimate AUHI in HK [18,19]. Other studies have used data from the meteorological
networks provided by the Hong Kong Observatory to study the AUHI [20,21]. In both
cases, the weather station in the Hong Kong Observatory’s headquarters in Tsim Sha Tsui
was considered as an urban station. However, rural stations have been defined differently;
the station in Tsak Yue Wu [20] and the one in Ta Kwu Ling [21] have both been defined
as rural. Siu and Hart [20] found that a maximum intensity of 2.5 °C occurs at around
20:00 local time. Using meteorological data for UHI evaluation in HK, Chen and Jeong [21]
found that the UHI during July is approximately 0.7 °C, while during December the UHI
intensity is around 1.5 °C. The approach presented here provides air temperature data at
new locations, which enables the study of the spatial distribution of the AUHI in HK.

In Tokyo, the AUHI intensity has been previously measured using meteorological
data from the Automated Meteorological Data Acquisition System (AMeDAS) managed by
Japan Meteorological Agency JMA [22]. Hirano and Fujita [23] used air temperature data
from JMA to study the impacts of energy consumption on the UHI in Tokyo. Other studies
of AUHI using data from JMA are the study of UHII changes with the changes of the city
and the effects of urbanization on rainfall [24] and Varquez and Kanda’s [25] global study
of the UHI. Furthermore, the AUHI in Tokyo has been measured using machine learning
techniques and JMA data from 2015-2019 [26].

2. Study Areas and Datasets

The two reasons for choosing Hong Kong and Tokyo for this study are that both cities
are major agglomerations in Asia and the difference in geography is advantageous to show
the potential use of this AUHI monitoring approach. Hong Kong is a very mountainous
region; therefore, the urban agglomeration is found in flat land and the population density
is very high. Therefore, urban and rural stations for AUHI monitoring are defined using
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the local climate zone definition [27]. On the other hand, Tokyo lays mostly on flat land;
therefore, the stations in rural areas outside of the main urban agglomeration were used
to monitor the AUHI. Additionally, both cities have a well-developed PS network in their
territory covering different parts of the cities. Moreover, both cities have a robust meteoro-
logical sensor network providing weather data covering the whole city and different LCZs,
which is advantageous for validation of the proposed algorithm.

2.1. Study Area: Hong Kong

Hong Kong (HK) (22°17'7.87" N, 114°927.68" E) is a Special Administrative Region
(SAR) of China located to the east of the Pearl River estuary on the south coast of China.
The region is bordered by GuangDong province in China and the South China Sea to the
east, south, and west. HK is located at the northern fringe of the tropical climate zone.
Because of the location, monsoonal seasonal changes are well delineated with hot and
humid summers and dry and cool winters. According to the latest data of the census and
statistics department, HK has around 7,500,000 inhabitants and the territory has a total
land area of 1050 km?2. Thus, Hong Kong is considered a 100% urban area [2]; however,
patches of rural-like areas are found in the mountainous regions and islands surrounding
the urban core. Therefore, there are different local climate zones that enable the study of
the UHI using LCZ.

2.2. Study Area: Tokyo, Japan

Tokyo (35°41'123"” N 139°41'32" E) is the capital city of Japan and its largest agglomer-
ation. Located at the head of Tokyo Bay on the pacific coast of central Honshu Island, it
is characterized by a humid subtropical climate zone with hot and humid summers and
cool winters. The warmest and coolest months are August with an average temperature of
28 °C and February with an average temperature of 7 °C, respectively [28]. According to
the Statistics Bureau of Japan, 36,130,685 inhabitants live in the Tokyo metropolitan area,
including the prefectures of Kanagawa, Saitama, and Chiba. The Tokyo metropolitan area
covers 13,500 km? and is mostly on flat land [29].

2.3. GPS and Meteorological Datasets Used in Algorithm
2.3.1. GPS Data Used to Estimate UHII

In HK, raw GPS observation data are provided by the Hong Kong Geodetic Survey
Services [30], a part of the Lands Department of the Survey and Mapping Office of Hong
Kong Special Administrative Region. HKGSS manages 18 stations in HK, and their data
can be downloaded from the HKGSS ftp server [30] at different time intervals of 1's, 5 s and
30 s. Data from two stations in HK (namely HKWS and HKSL) can also be accessed through
the International GNSS Service (IGS). In Tokyo, the IGS manages 3 GNSS stations in the
Tokyo metropolitan area plus 3 other GNSS stations in surrounding rural areas. GNSS data
provided by the IGS are available in the IGS server [31].

In this study, we processed GPS data from 6 stations in HK. Stations were selected
based on the meteorological data availability and the local climate zone. For the Tokyo area,
we used the data from 3 GPS stations, 2 in the Tokyo area and one in Tsukuba, which is
a rural area near Tokyo. The descriptions of the three stations in the Tokyo metropolitan
area and the 6 stations in Hong Kong chosen for this study are shown in Table 1, while the
sources of data are marked as “GEO” if collected from HKGSS and “IGS” if collected from
the IGS.

2.3.2. Meteorological Data Used for Validation

In Hong Kong, both the HKGSS and the IGS provide meteorological data at the same
locations as GNSS data are provided. The following meteorological variables are reported
every minute: pressure, temperature, and relative humidity. In Japan, the JMA operates
seven stations in the Tokyo Metropolitan area that report hourly temperature, precipitation
amount, snow depth, wind direction and speed, sunshine duration, surface pressure, and
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relative humidity values. However, only 3 stations were chosen for the validation of the
algorithm because they cover urban- and rural-like areas. Table 1 describes the weather
stations from the JMA used for validation purposes.

Table 1. Selected GPS and meteorological stations used in this study to monitor the AUHI intensity

levels in Hong Kong and Tokyo.

Code GNSS Data Meteorological Data Source Site Coordinates (deg)
HKKT X X GEO Kam Tim 22.44,114.06
HKPC X X GEO Peng Chau 22.28,114.03
Hone Kon HKSC X X GEO Stonecutters Island 22.32,114.14
§RON8  HKsL X X IGS Siu Lang Shui 22.37,113.93
HKWS X X IGS Wong Shek 22.43,114.33
T430 X X GEO Fan Ling 22.49,114.14
KGNI X IGS Koganei 35.71,139.48
MTKA X IGS Mitaka 35.67, 139.56
Tokvo TSKB X IGS Tsukuba 36.1, 140.08
y TOK X JMA Chiyoda 35.69, 139.75
HND X JMA Haneda Airport 35.53,139.78
NER X JMA Shakuji Park 35.75,139.59
The locations of GPS stations in Hong Kong and GPS stations and weather stations
in the Tokyo metropolitan area are shown in the map shown in Figure 1. Figure 1a shows
the locations in Hong Kong of GPS and meteorological stations, and temperature and GPS
data are reported from the same sites. Figure 1b shows the locations of GPS stations (black
points) and meteorological stations (green points) in Tokyo.
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Figure 1. (a) Locations of GPS and meteorological stations in Hong Kong. (b) The locations of GPS
stations and meteorological stations in Tokyo used for this study. Black points are GPS stations
and green points are meteorological stations. Squares are urban stations and circles are rural or
rural-like stations.

2.3.3. Data Used for Classification of Surroundings of Stations

Satellite images provided by Google Earth were used to classify the surroundings of
the stations into different LCZs [27]. The satellite images from Hong Kong were taken
in September 2019. Note that the surroundings of the stations in HK did not change
significantly during the period 2016-2019.
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2.3.4. Radiosonde Data Used in the Algorithm

Radiosonde data were used to calculate the height of the tropopause and “universal
values” required by the algorithm. Here, 10 years of data from 2009-2019 were collected
from two radiosondes from the Integrated Global Radiosonde Archive were used in this
study [32]: radiosonde HKM00045004 located in Kowloon, Hong Kong, latitude = 22.33°,
longitude = 114.16°, height = 24 m; radiosonde JAM00047646 located near Tsukuba, Japan,
latitude = 36.05°, longitude = 140.12°, height = 25.2 m.

3. Local Climate Zone Classification

The local climate zone (LCZ) classification is used to classify stations for urban climate
studies depending on their surroundings. The LCZ approach classifies the landscape of
a given area into 19 local climate zones according to surface cover and surface structure.
Additionally, four landscape series are used, which can be either city, agricultural, natural,
or mixed [27,33].

Stations surrounded by tall buildings and urban infrastructure are considered urban
stations. Furthermore, we considered anthropogenic heat sources such as highways with
lots of traffic or certain parts of industrial structures in the same urban category. The
classification of an LCZ is achieved by defining a 250 m radius around the station and
visually detecting the type of land cover surrounding the station.

3.1. Urban Stations in Hong Kong and Tokyo

In HK, station HKKT is located in Kam Tim, surrounded by open low-rise buildings
and two main highways. Station T430 is located in Fan Ling near two highways and
an area of compact high-rise buildings. The surroundings of the urban stations and the
classification in the LCZ system are shown in Table 2. In Tokyo, the classification of stations
type is achieved by defining rural stations far away from the urban core of the city with
different land cover and land uses. Therefore, the GNSS stations MTKA and KGNI are
classified as urban stations. Similarly, TOK and NER meteorological stations are considered
urban stations.

Table 2. Urban stations in Hong Kong.

HKKT (GPS + met) T430 (GPS + met)
Kam Tim Fan Ling

LCZ 6A LCZ 4

Surrounded by vegetation, some open low-rise structures and a Surrounded by compact high-rise structures and open low

highway. high-rise structures.
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3.2. Rural Stations in Hong Kong and Tokyo

The other 4 chosen stations in Hong Kong described in Table 1 are defined as being in
rural areas because they are surrounded mostly by vegetation, big bodies of water, or a few
built structures. Furthermore, several anthropogenic heat sources are found within a radius
of 500 m around the stations. The remaining four stations in HK were classified as rural.
Furthermore, one GPS station (TSKB) and one meteorological station (Haneda) in Tokyo
are classified, as rural stations as in Table 3. The satellite photos used to classify as urban or
rural based on the station’s surroundings are shown in Appendix A (Figures A1l and A2).

Table 3. GPS and meteorological stations in rural-like areas in Hong Kong and Tokyo.

Code Site LCZ Description
HKLT Lam Tei A Surrounded by vegetation.
HKOH Shek O A Surrounded by vegetation.
HKPC Peng Chau Gy Surrounded by sea and open low-rise.
HKSC Stonicugcers Ag Surrounded by vegetation and open low-rise.
Hong Kong Islan
GNSS + met i
HKSL Su;}];alling 10¢ Industrial area nearby and vegetation.
HKSS Tseng Tau B Surrounded by vegetation and compact low-rise,
Tsuen seashore nearby.
HKST Fo Tan Bg Surrounded by vegetation and open low-rise.
HKWS Wong Shek Ac Surrounded by vegetation water body nearby.
Surrounded by vegetation and sparsely built structures.
Tokyo GNS3 TSKB Tsukuba Ag The station is 65 km away from Tokyo’s urban core.
Tokyo met HND I:iaé;eo?’? E9 Surrounded by pavement, and sparsely built structures.

4. Algorithm to Estimate Temperature from GPS Data

As the GPS signal propagates through the atmosphere from the satellite to the receiver,
a delay is induced by the different layers of the atmosphere. The layers that have the greatest
effects on the propagating GPS signals are the ionosphere and the troposphere. However,
positioning algorithms use a combination of dual-frequency GPS data to eliminate most of
the ionospheric delay. Therefore, in this section the focus will be on the tropospheric delay.
The algorithm developed to calculate the UHI intensity (UHII) from hourly GPS data is
divided into three steps:

1.  GPS observation data are processed using the PPP technique to obtain the ZTD and
location coordinates of the station.

2. Calculation of temperature using ZTD in both urban and rural stations.

3. Computation of the intensity of the UHI effect.

4.1. Step 1: Estimation of ZTD

The troposphere causes a delay to the propagating GPS signal proportional to the
environmental variables around the receiver, namely air pressure, water vapor partial
pressure, and temperature. The tropospheric delay in the zenith direction (ZTD) is a by-
product of the precise point positioning (PPP) technique, which is implemented with an
extended Kalman filter to estimate location coordinates and other parameters such as ZTD
using GNSS observation data, GPS navigation data, and precise ephemeris [34]. One of the
advantages of the PPP technique is that it can achieve centimeter precision and only one
receiver is needed to estimate locations and other parameters around the receiver [35].

There are several implementations of the PPP technique in stand-alone software and
online services that have been compared, and it has been shown that the open-source
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software RTKLIB achieves estimations with high precision [36]. Therefore, RTKLIB was
chosen as the GPS data processing software. RTKLIB can implement different positioning
techniques, among them the PPP technique, in either statistic or kinematic mode. RTKLIB
requires GPS observation data, a precise ephemeris, a clock, and navigation data, which
were obtained from the final IGS products to estimate locations and ZTD. In this study,
4 years (2016-2019) of ground-based GPS observation data described in Table 1 were
processed with RTKLIB in kinematic mode and a ZTD estimation was obtained every 30 s.

4.2. Step 2: ZTD Based Temperature Derivation

The algorithm used to estimate temperature values from GPS data is divided into three
parts, namely the calculation of universal parameters, the calculation of local parameters,
and the calculation of temperatures [13]. The first step of the algorithm requires known
values for the height of the troposphere (Ztrop), air pressure at the place of measurement
(P), and water vapor partial pressure (e) at the site of measurement to compute the profile
of the refractivity. These values are obtained from radiosonde data and are called the
universal parameters. This algorithm was developed and tested with daily averages from
stations in Los Angeles and an accuracy of 1.71 °C has been achieved [13]. We adapted the
algorithm to handle hourly averages and increase its accuracy.

4.2.1. Height of the Troposphere (Zirop)

The height of the troposphere Zp is a very important parameter in this algorithm. It
was calculated using radiosonde data in Hong Kong and Tokyo and the criteria for the first
and second lapse rate tropopause (LRT1 and LRT2) defined by the World Meteorological
Organization (WMO). The LRT1 is defined as the lowest level at which the lapse rate
(change of temperature with height) decreases to 2 °C/km or less, provided also that the
averaged lapse rate between this level and levels within the next 2 km vertically does not
exceed 2 °C/km. If above the LRT1 the average lapse rate between any level and all higher
levels within 1 km exceeds 3 °C/km, then a second tropopause (LRT2) is defined. LRT2
may be either within or above the 1 km layer. The Ziop, is defined as the height of LRT2.

4.2.2. Pressure (P)

Hourly pressure data were obtained from the meteorological stations described in
Table 1.

4.2.3. Water Vapor Pressure

In a previous study [13], daily averages of GNSS and meteorological data were used to
monitor the UHI intensity. In contrast, in this study, hourly GNSS and meteorological data
were processed to detect the diurnal cycle of the temperature and increase the algorithm’s
temporal resolution. The use of hourly data meant we had to change the strategy to estimate
the water vapor pressure needed in the algorithm.

Previously, the water vapor pressure e near the receiver had been estimated using
Antoine’s model and temperatures from the first height of a radiosonde sounding [13]. The
use of radiosonde data (one sounding or in some cases two soundings per day) and the fact
that Antoine’s model depends on temperature are two mayor limitations of that approach.
Therefore, in our approach, the water vapor pressure was derived from the definition of
the relative humidity (RH) as the ratio of e water vapor pressure and es saturated water
vapor pressure:

RH=< )
€s

and the definition of the water vapor pressure using the Classius—Clayperon equation and

saturated water vapor [37]:
L 1 1
o =wen| (5 7)) @
v



Atmosphere 2022, 13, 417

8 of 16

where R, is the water vapor gas constant 461 JK~! kg~!, Ty is the absolute 0 temper-
ature 273.15 K, eg = 0.6113 kPa, and L is the latent heat parameter, which for water is
2.5 x 10° JK~1. Here, T is the air temperature in kelvins. RH and T data from meteorologi-
cal stations in Hong Kong and Tokyo are used to compute e every hour.

4.2.4. ZTD and Environmental Variables

The tropospheric delay is related to the environmental conditions through the refrac-
tivity of the troposphere. The refractivity N of the troposphere is defined as [38]:

N:kl-pT€+k2-%+k3~% 3)
where the empirically calculated constants ki =77.6 K/hPa, k; =72K/hPa, and
ks = 3.75 x 10° K/hPa; P is the pressure of the air at the point of measurement, e is the
water vapor partial pressure derived in Section 4.2.3, and the T is the temperature in
Kelvin degrees. Hydrometeors and extreme weather events can affect the refractivity
of the troposphere [39]. However, in this study, that effect was not considered because
no hydrometeor or extreme weather event was reported during the period of this study
(Jan-May 2016-2019).

The troposphere causes a delay to the signal in the zenith direction ZTD (in meters),
which can be expressed as an integral of the total refractivity N along the propagation path
s from receiver r to satellite w [38].

w
ZTD =10 / Nds )
r

The refractivity of the troposphere changes at different altitudes because it is pro-
portional to the temperature, which changes with altitude. The profile of the refractivity
against altitude was empirically derived using ten years of radiosonde data in Hong Kong
and Tokyo and Equation (3) for the different heights of reported radiosonde soundings [40]:

N = Nyexp Ni? (5)

where N is the refractivity at height equals to 0 m, Nj, is the ratio of change of the refractivity
with altitude, and Z is the height at which the measurement is taken. A local Nq (Ng_local)
is found using Ny, Ztrp (height of the tropopause), the altitude of the receiver (Z.), and
the ZTD in Equation (5):

No_local = Zth];D (6)

106 [~ expNizdz

Here, No_local is the value of the refractive index near the surface of the place of
measurement. The PPP algorithm produced one value of ZTD every minute; therefore,
every hour 60 ZTD values were averaged to obtain hourly ZTD.

The temperature of the site is calculated with GPS data by solving the quadratic
equation:

No_localT?> — T(kyP — (ki +ko)e) — kze = 0 (7)

Daily, 1440 values (one per minute) of temperature were calculated. Hourly temper-
atures were taken every day from 2016 to 2019. All values at the same time and day in
different years were averaged to find averaged hourly temperatures for each GPS station.

4.3. Step 3: GPS Based UHII Estimation

The AUHI intensity (AUHII) is calculated by subtracting the temperature at an urban
station from the temperature at a rural station.

AUHII = Tgyss(URBAN) — Tguss(RURAL) ®)
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where Tgps (URBAN) and Tgps (RURAL) are the temperatures estimated from GNSS data
in urban and rural stations, respectively. In HK, there are two urban stations in warm
LCZs, whereas in Tokyo there is only one urban station inside the main agglomeration.
Tgps (RURAL) is the temperature estimated in rural stations. In Hong Kong there are 4 rural
stations, whereas in Tokyo there is only one rural station located in Tsukuba, 65 km away
from the city center.

4.4. UHII Obtained with Meteorological Data

Meteorological data collected at the same locations as the GNSS stations in HK and in
near locations in Tokyo, as described in Table 1, were used to measure AUHII values.

AUHII = T, (URBAN) — Tyer (RURAL) )

The temperatures measured at rural locations Tyt (RURAL) are subtracted from the
temperatures measured in urban locations Tyt (URBAN). These UHII value are used to
validate the algorithm.

5. Results and Discussion

The temperatures estimated with GPS data in Hong Kong and Tokyo were used to
compute the spatial distribution of the AUHII at day and night during the summer in both
cities. These temperatures were then used to calculate the hourly profile of the AUHII
intensity levels in both cities. Finally, the results were validated by comparing them to the
AUHII obtained with meteorological data.

5.1. UHII in Hong Kong

Air temperatures in Hong Kong are higher during the summer and during the day;
however, at night is when the UHII is higher. Therefore, the spatial distribution of the tem-
peratures estimated with GPS data, as shown in Figure 2, was calculated with the average
temperatures during the day (08:00-20:00 local time (UTC+8) LT) and night (20:00-08:00 LT)
during the summer (June-August).

Day temp °C Night temp °C

@
® @ ® e
h.s h.s

113.9 114.0

1141 1142 1143 1144 1139 1140 1141 1142 114.3 114.4
Longitude b) Longitude

Figure 2. (a) Average temperatures derived from GPS data during the day in the summer. (b) Average
temperatures derived from GPS data during the night in the summer.

The UHI intensity at night is higher than during the day, as shown in Figure 2b.

According to the profiles of the AUHI intensity estimated with GPS data and the
intensity measured with meteorological data shown in Figure 3, the intensity reaches
its maximum value at 06:00 LT, after which the intensity decreases. Clearly, during the
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Figure 3. Diurnal cycle of AUHI intensity in Hong Kong with (a) GPS data and (b) meteorological data.

5.2. UHII in Tokyo

The spatial distributions of average temperatures estimated with this algorithm and
GPS data during the day (08:00-20:00 LT) and night (20:00-08:00 LT) in the summer (June—
September) in Tokyo are shown in Figure 4a,b, respectively. The air UHI was observed
during the night rather than during the day.
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Figure 4. (a) Average temperatures in the summer (June to September) during the day (08:00 to 20:00
(UTC+9) local time LT). (b) Average temperatures in the summer during the night (20:00-08:00 LT).

The diurnal cycle of the AUHII, as shown in Figure 5, is similar to the diurnal cycle of

the AUHI in Hong Kong.
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Figure 5. AUHI intensity in Tokyo (a) estimated with GPS data and (b) measured with meteorological
data. Local time in Tokyo is UTC+9.

As shown in Figure 5, the intensity of the AUHI in Tokyo remains almost constant
during the first 7 h of the day, then it decreases, reaching its minimum value at 13:00 LT.
The maximum value is reached at 20:00 and then the intensity remains almost unchanged
through the night. The negative intensity found with GPS data is due to an underestimation
of the water vapor partial pressure.

5.3. Validation of the Proposed Method

The validation of the proposed method presented in this paper was achieved by com-
paring the AUHII obtained from GPS data and the AUHII measured with meteorological
data during the summer, as shown in Figures 3 and 5. In HK, the UHI was defined between
station hkoh-hksl and station hkst-hksl because those stations clearly define an urban-like
and a rural-like area, respectively. The mean absolute error (MEA) indicates the accuracy
of the presented algorithm. The MEA for stations in Hong Kong and Japan are shown in
Table 4.

Table 4. Mean absolute error.

Stations MEA [°C]
hkoh-hksl 0.85
Hong Kong hkst-hksl 0.74
Tokvo mtka-tskb 0.22
Y kogn-tskb 0.25

In order to validate the algorithm with different weather conditions, data were divided
by months. All daily averages of the same month from GPS data were compared to the
daily averages of the same month from meteorological data. The monthly mean absolute
error (confidence interval CI 95%) obtained for data from Hong Kong and Tokyo are shown
in Figure 6a,b, respectively.

The lowest mean absolute error (MAE) can be found in January in Hong Kong (HKOH
as urban station) and in July in Tokyo, while the highest MAE can be found in September
in Hong Kong (HKOH as urban station) and December in Tokyo. Water vapor pressure
seems to be estimated better during the dry season in Tokyo and the wet season in Hong
Kong. Therefore, the MEA is lower during those months, as shown in Figure 6. Further
research to understand the effect of each meteorological variables in the GPS signal would
be required to improve this algorithm.
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Figure 6. (a) Mean absolute error for data in Hong Kong. (b) Mean absolute error for data in Tokyo.

6. Discussion

The proposed approach had an overall average MAE of 0.24 °C in Tokyo and 0.79 °C
in Hong Kong. This is an improvement over the previously obtained 1.71 °C MAE with
average monthly data [13]. Furthermore, the use of hourly data enabled us to better
capture the diurnal cycle and the differences in time, which were not detected when
using monthly data. However, the main challenge of this approach is the computation of
water vapor pressure, since water vapor changes rapidly and is hard to model. The other
environmental variables needed in this algorithm can be easily obtained from weather
stations or weather models.

The advantages of this approach are that ZTD can be estimated in real time [41] and
that GPS data are available under all weather conditions. Furthermore, recently data
collected with smartphones GPS receivers have been processed using PPP [42,43]. Thus,
existing GPS infrastructure can be exploited to monitor the UHI with high precision. The
potential use of existing GPS infrastructure and embedded GPS receivers would allow
monitoring of the spatial distribution of the AUHI using big sensor networks built without
additional costs. The advantage of using hourly data instead of daily averages to estimate
UHI intensity is that the diurnal cycle of the AUHI can be obtained. Furthermore, the
algorithm performs better than the one used in a previous study [13] because some the
water vapor pressure changes are taken into account in this approach.

The diurnal cycle of the AUHI estimated with GPS data and measured with meteo-
rological data in Hong Kong and Tokyo followed similar patterns. During the hours of
08:00-20:00 local time, the UHI intensity reached its minimum values, while at night the
maximum values were reached in both cities. Similar patterns to the ones reported here
were found in previous research [20]. The difference in warming rates during daytime and
night-time can be explained by the formation of a strong stable layer during night-time and
the development of a mixed layer during the daytime [44].

The spatial distribution of temperatures estimated from GPS data in Hong Kong
clearly showed the UHI during the night when the temperature differences across stations
in the territory were greater than during the day. In this case, the spatial distribution of the
UHI in Tokyo requires inputs from more stations to be computed clearly. This challenge
can be overcome with data from other GPS receivers or using machine learning and historic
data [26].

The potential of this technique to be used to monitor extreme heat events around a city
is high. With this technique, we could provide real-time or near-real-time air temperature
data, which could be exploited by city planners or by citizens to avoid extreme heat
exposure. The advantage is that there is no need to deploy new sensors because devices
such as smartphones with embedded GPS receivers could be used to estimate temperature.
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7. Conclusions

The test cases show that it is possible to monitor the diurnal cycle of the air urban
heat island intensity in the urban canopy layer using the relation of the GNSS-derived
ZTD and the refractivity of the troposphere defined in terms of temperature, air pressure,
and water vapor partial pressure. The validation of the algorithm, which was achieved
using data from Hong Kong and Tokyo, showed that the overall performance of the
algorithm makes it attractive for use in studying the spatial distribution of urban heat
islands. Furthermore, this approach could be used to provide near real-time AUHI data
with existing infrastructure to monitor extreme heat events in urban areas.
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Appendix A

Images used for LCZ classification of GPS and meteorological stations in Tokyo, Japan,
and Hong Kong, China.
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Figure A1. Surroundings of all GNSS and meteorological stations in Tokyo, Japan.

Stations in Hong Kong

hkkt

Figure A2. Surroundings of all GNSS and meteorological stations in Hong Kong, China.
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